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Abstract: Converting water into hydrogen fuel and oxidizing benzyl alcohol to benzaldehyde
simultaneously under visible light illumination is of great significance, but the fast recombination of
photogenerated carriers in photocatalysts seriously decreases the conversion efficiency. Herein, a
novel dual-functional 0D Cd0.5Zn0.5S/2D Ti3C2 hybrid was fabricated by a solvothermally in-situ
generated assembling method. The Cd0.5Zn0.5S nano-spheres with a fluffy surface completely and
uniformly covered the ultrathin Ti3C2 nanosheets, leading to the increased Schottky barrier (SB) sites
due to a large contact area, which could accelerate the electron–hole separation and improve the light
utilization. The optimized Cd0.5Zn0.5S/Ti3C2 hybrid simultaneously presents a hydrogen evolution rate
of 5.3 mmol/(g·h) and a benzaldehyde production rate of 29.3 mmol/(g·h), which are ~3.2 and 2 times
higher than those of pristine Cd0.5Zn0.5S, respectively. Both the multiple experimental measurements
and the density functional theory (DFT) calculations further demonstrate the tight connection between
Cd0.5Zn0.5S and Ti3C2, formation of Schottky junction, and efficient photogenerated electron–hole
separation. This paper suggests a dual-functional composite catalyst for photocatalytic hydrogen evolution
and benzaldehyde production, and provides a new strategy for preventing the photogenerated electrons
and holes from recombining by constructing a 0D/2D heterojunction with increased SB sites.
Keywords: Cd0.5Zn0.5S; Ti3C2; photocatalysis; hydrogen; benzaldehyde; Schottky heterojunction
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Introduction

The increasingly serious energy crisis is forcing people
† Junnan Tao and Mingyuan Wang contributed equally to this work.
* Corresponding authors.
E-mail: G. W. Liu, gwliu76@ujs.edu.cn;
H. Tang, huatang79@163.com

to find new renewable energy to replace traditional
fossil fuel resources [1–4]. Photocatalytic hydrogen
evolution can be a promising way to solve the energy
shortage and achieve a low-carbon lifestyle simultaneously
[5–9]. Actually, if a semiconductor photocatalyst can
perform hydrogen evolution reaction, its conduction
band (CB) and valance band (VB) edges must be more
negative and positive than the redox potentials of
H+/H2 and O2/H2O, respectively [10–14]. However, the
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single-end hydrogen evolution reaction can bring about
an inefficient utilization of photogenerated holes. To
address this issue, the holes generated at the other end
can be utilized to transform alcohols into aldehydes,
such as benzaldehyde [15–18]. In particular, the
separation of photogenerated carriers can be accelerated
by the synergistic effect, and meanwhile, the production
of aldehydes can reduce the Gibbs free energy of H2
evolution [19,20]. Cd1−xZnxS, a solid solution composed
of CdS and ZnS, is considered to be one of the most
promising semiconductors for photocatalytic hydrogen
evolution due to its controllable bandgap of 2.4–3.6 eV
and appropriate thermodynamic potential [21–25].
Moreover, the upshift of the CB edge of CdS can be
tuned by the integration of Zn, and the bandgap of
Cd1−xZnxS can be adjusted by altering the ratio of Cd to
Zn. Indeed, it is still a big challenge for the pristine
Cd0.5Zn0.5S to enhance the conversion efficiency of
light, although the Cd0.5Zn0.5S has the optimum
photocatalytic activity in the Cd1−xZnxS solid solutions
[26,27]. Actually, how to deal with the photocorrosion
caused by the accumulation of photogenerated holes on
a surface of single transition metal sulfide is also a big
problem, since the photocorrosion can render the catalyst
ineffective, and even create heavy metal pollution.
To effectively separate electrons and holes, a common
strategy is to combine semiconductor materials with
co-catalyst. However, noble-metal co-catalysts cannot
be widely used because of their high price and low
reserve. Thus, it is urgent to find a new co-catalyst to
replace them [28–30]. MXene is a kind of twodimensional (2D) materials with a general formula of
Mn+1XnTx, where M, X, and T denote transition metals,
C or N, and surface terminations involving –OH, –O,
and –F, respectively [31–36]. Ti3C2, a typical MXene,
has great potential in photocatalysis due to its high
metallic conductivity and rich surface functional groups,
which can enhance the separation of photogenerated
carriers and increase the surface active sites [37–41].
Based on these features, numerous investigations on
2D Ti3C2 being as a co-catalyst were performed to
enhance the photocatalytic performance [42–46]. For
instance, Li et al. [43] deposited the ZnO nanorods on
the multilayer Ti3C2 to construct a 1D/2D Schottky
heterojunction, and obtained a higher photocatalytic
CO2 reduction rate. Ding et al. [46] built 2D/2D
CdS/Ti3C2 heterojunction to achieve a relatively large
contact area between the semiconductor and cocatalyst,
thus enhancing the photocatalytic hydrogen evolution

reaction (HER) activity. All these clearly demonstrate
that a well-constructed interface can greatly accelerate
the charge transfer. Actually, the combination of Cd1−xZnxS
and Ti3C2 is not only beneficial for the enhancement of
photocatalytic activity compared with the pristine
Ti3C2, but also can alleviate the photocorrosion of
single Cd1−xZnxS photocatalyst to a certain extent.
However, the distribution of semiconductor catalyst on
the Ti3C2 nanosheets is somewhat non-uniform due to
the agglomeration of rod-like structure, and the 2D/2D
structure may cause a size mismatch, which can hinder
the absorption of light energy and thus lead to a lower
light utilization rate [47].
Inspired by the excellent physical characteristics of
Cd0.5Zn0.5S and ultrathin Ti3C2 nanosheets, we
constructed a dual-functional 0D Cd0.5Zn0.5S/2D Ti3C2
redox system with increased Schottky barrier (SB)
sites by a solvothermally in-situ generated assembly.
During the solvothermal process, the Cd2+ and Zn2+
ions can be tightly absorbed on the Ti3C2 nanosheets
due to the electrostatic adsorption derived from the
electronegativity of Ti3C2, resulting in a tight
Cd0.5Zn0.5S/Ti3C2 interface and a complete and uniform
coverage of Cd0.5Zn0.5S nanospheres on the Ti3C2
nanosheets. The highly efficient separation of carriers
causes the photogenerated electrons and holes to be
utilized effectively, which can produce hydrogen by
splitting water and benzaldehyde by means of oxidizing
benzyl alcohol simultaneously. The optimized Cd0.5Zn0.5S/
Ti3C2 hybrid presents a hydrogen evolution rate of
8 mmol/(g·h) and an excellent stability while lactic
acid is used as sacrificial agent. Especially it achieves
a hydrogen evolution rate of 5.3 mmol/(g·h) and a
benzaldehyde production rate of 29.3 mmol/(g·h)
simultaneously while benzyl alcohol is used as
sacrificial agent. Finally, the first-principles calculations
are employed to explore the interface connection rule
between Cd0.5Zn0.5S and Ti3C2 and to clarify the catalytic
mechanism.

2 Experimental
2. 1

Synthesis of Cd0.5Zn0.5S/Ti3C2 hybrid

The purities of TiH2, Al, and TiC powders are over
99%, and those of LiF, Zn(CH3CO2)2·2H2O,
Cd(CH3CO2)2·2H2O, and thiourea (CH4N2S) are over
99.9%. All the starting materials were commercially
available from Aladdin Co. Ltd. The TiH2, Al, and TiC
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powders were mixed in a mole ratio of 1 : 1 : 2 and
then performed a planetary ball milling for 2 h.
Subsequently, the resulting powder mixture was moved
to an alumina crucible and sintered at 1450 ℃ in an
Ar atmosphere for 2 h. The product was ground into
Ti3AlC2 powders after cooling.
The Ti3C2 MXene was synthesized as follows:
Firstly, 1.99 g of LiF was dissolved in 20 mL of
9 mol/L hydrochloric acid and stirred for 10 min. Then,
1 g of Ti3AlC2 MAX powders were added into a
homogeneous solution, sonicated for 10 min and stirred at
35 ℃ for 24 h. The resulting product was centrifugally
washed with distilled water until pH arrived at 5–6,
followed by centrifugation at 3500 r/min for 60 min.
Finally, the supernate was freeze-dried to get Ti3C2
MXene nanosheets.
For the Cd0.5Zn0.5S/Ti3C2 hybrid, 0.5, 1.5, 3, and
5 mg of freeze-dried Ti3C2 nanosheets were dispersed
in 35 mL of ethyl alcohol and sonicated for 60 min,
respectively. Afterward, 0.25 mmol of Zn(CH3CO2)2·2H2O
and 0.25 mmol of Cd(CH3CO2)2·2H2O were dissolved
into the above suspensions and stirred for 12 h, which
can make Cd2+ and Zn2+ tightly attach on the Ti3C2 due
to its electronegativity of –13.3 mV (Fig. S1 in the
Electronic Supplementary Material (ESM)), followed
by adding 1 mmol of thiourea. After further stirring for
60 min, the suspensions were transferred into Teflonlined autoclaves and kept at 120 ℃ for 12 h.
Eventually, the resulting products were washed and
dried in a vacuum at 80 ℃ for 12 h. For comparison,
Cd0.5Zn0.5S was also synthesized without adding the
Ti3C2 powders. Figure 1 shows the schematic of
synthesis of pristine Cd0.5Zn0.5S and Cd0.5Zn0.5S/Ti3C2
hybrid, and the corresponding Cd0.5Zn0.5S/Ti3C2 hybrid
are denoted as CZS–0.5MX, CZS–1MX, CZS–3MX,
and CZS–5MX according to the addition of Ti3C2
powders, respectively. Actually, the normal contents of
Ti3C2 in the CZS–0.5MX, CZS–1MX, CZS–3MX, and

Fig. 1

CZS–5MX hybrid are ~0.9, 2.9, 5.7, and 9.5 wt%,
respectively.
2. 2

Microstructural and microchemical
characterizations

The crystal structures and phase compositions of Ti3AlC2,
Ti3C2, Cd0.5Zn0.5S, and CZS–MX hybrid were analyzed
by X-ray diffractometer (XRD, D/MAX2500PC). The
morphology and interfacial structures were investigated
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Atomic force microscopy
(AFM, MFP-3D) was employed to measure the thickness
of Ti3C2 nanosheet. X-ray photoelectron spectroscopy
(XPS) was recorded on a PHI ESCA5000C electron
spectrometer to investigate the binding modes of
surface elements of samples. The N2 adsorption–
desorption experiments of Cd0.5Zn0.5S and CZS–3MX
hybrid were carried out by using a NOVA3000e series
instrument. The ultraviolet photoelectron spectroscopy
(UPS) of Ti3C2 and Cd0.5Zn0.5S were recorded with hν
of 21.21 eV on a Thermo Escalab 250Xi spectrometer
to determine the work functions of samples. The
absorption spectra were measured on a UV–visible
spectrophotometer (UV-2450) by using BaSO4 as a
reference. The photoluminescence (PL) spectra and
time resolution photoluminescence (TRPL) spectra
were investigated on the Hitachi F-7000 fluorescence
spectrophotometer with an excitation wavelength of
360 nm. All the electron spin resonance (ESR) tests
were performed on a Bruker A300 spectrometer under
irradiation with a 300 W Xe lamp ( > 400 nm) at
room temperature under open air conditions, wherein
2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO), deionized
water, and acetonitrile were used as the radical
scavenger, the solvents for trapping electrons and holes,
respectively. Contact angles were measured by the
pendant-drop method on SDC1000 (Sindin).

Schematic of synthesis of pristine Cd0.5Zn0.5S and Cd0.5Zn0.5S/Ti3C2 hybrid.
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Photoelectrochemical measurement

The photocurrent response, electrochemical impedance
spectroscopy (EIS), linear sweep voltammetry (LSV)
plots, and Mott–Schottky plots were investigated by
employing an electrochemical workstation (CHI660D)
having a conventional three- electrode system
composed of a working electrode, a Pt foil counter
electrode, and a Ag/AgCl reference electrode, wherein
0.5 mol/L of Na2SO4 solution was used as electrolyte.
10 mg of samples were added into a mixture solution
consisting of 500 μL of ethanol, 500 μL of ethylene
glycol, and 80 μL of Nafion solution and ultrasonically
dispersed to get a homogeneous suspension, and then
80 μL of suspension was applied on a fluorine-doped
tin oxide (FTO) conductive glass and dried in a
vacuum at 70 ℃ for 12 h to get the working electrode.
2. 4

Photocatalytic test

The photocatalytic hydrogen evolution was explored
by using a Pyrex glass reaction cell under a 300 W Xe
lamp with a UV cutoff filter ( > 400 nm), and the
corresponding light spectra were recorded by an ILT
950 fiber optic radiometer presented in Fig. S2 in the
ESM. For a typical photocatalytic reaction, 25 mg of
pristine Cd0.5Zn0.5S or CZS–3MX hybrid was dispersed
in 80 mL of 10 vol% lactic acid aqueous solution by
stirring ultrasonically for 5 min. The hydrogen evolution

was measured by using a GC-8A online gas
chromatograph coupled with a thermal conductivity
detector, wherein the carrier gas was N2. For the
simultaneous testing of hydrogen evolution and
oxidation of benzyl alcohol, the sacrificial agent was
replaced by 10 vol% benzyl alcohol. After the hydrogen
evolution test was over, the remaining solution was
further centrifuged, and then 5 mL of subnatant was
taken to measure the concentration of benzaldehyde by
a gas chromatography mass spectroscopy (A91 plus).
2. 5

Computational methods

The Vienna ab-initio simulation package (VASP) code
was employed to perform the density functional theory
(DFT) calculations [48]. To describe the exchange–
correlation function, the Perdew Burke Ernzerhof
(PBE) of the generalized gradient approximation
(GGA) was adopted [49,50]. In all the calculations, we
set the plane wave cutoff energy as 400 eV, along with
a convergence criterion of 10−4 eV. In particular, a
convergence threshold in force was required to reach
0.01 eV/Å for all the atoms.

3

Results and discussion

As shown in Fig. 2(a), the characteristic peaks of Ti3AlC2
disappear after the HCl + LiF etching, and the peak

Fig. 2 XRD patterns of (a) Ti3AlC2, Ti3C2, Cd0.5Zn0.5S and (b) CZS–MX hybrid. (c) Nitrogen adsorption–desorption isotherms
and (d) pore size distributions of Cd0.5Zn0.5S and CZS–3MX hybrid.
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located at 7.1° verifies the formation of Ti3C2 [35].
Actually, the disappearance of the main peak (008) and
the shift of the peak (002) of Ti3AlC2 to a lower angle
imply the expansion of Ti–C layers due to the removal
of Al layers. The peaks of Cd0.5Zn0.5S with a sphalerite
structure can be indexed to the pristine ZnS (JCPDS
Card No. 05-0566) and CdS (JCPDS Card No. 652887) [27]. Half of Cd atoms are replaced by Zn atoms,
resulting in the formation of a homogeneous solid
solution. The peaks at 26.5°, 44.8°, and 52.3° of
Cd0.5Zn0.5S/Ti3C2 hybrid can be ascribed to (111),
(220), and (311) planes of Cd0.5Zn0.5S, respectively
(Fig. 2(b)). In comparison with the pristine Cd0.5Zn0.5S,
no shift is observed in the CZS–MX hybrid, indicating
that the combination of Cd0.5Zn0.5S with Ti3C2 cannot
alter the crystalline orientation of Cd0.5Zn0.5S. The
absence of Ti3C2 can be mainly attributed to the low
concentration of Ti3C2 in the Cd0.5Zn0.5S/Ti3C2 hybrid.
The SEM and TEM images of Ti3AlC2, Cd0.5Zn0.5S,
Ti3C2, and CZS–3MX samples are shown in Fig. 3. A
ladder-like structure is formed on the Ti3AlC2 surface
(Fig. 3(a)). After the HCl + LiF etching, a smooth
surface and some wrinkles are obviously observed on
the ultrathin Ti3C2 nanosheets of ~6 nm in thickness
(Figs. 3(b), 3(e), and S3 in the ESM), which is greatly

different from the accordion-like structure obtained by
HF etching. In particular, the formation of smooth
surface is attributed to the absence of an organic
intercalation process, which can contribute to the full
exposure of surface terminations (–O, –F, and –OH)
and provide a good environment for the adsorption of
cations (such as Cd2+ and Zn2+). The large area of
nanosheets also can prolong the travel distance of
electrons, so as to promote the electron–hole separation.
The fluffy Cd0.5Zn0.5S microspheres of ~Ø1.5 μm are
formed by a solvothermal reaction among the
Zn(CH3CO2)2·2H2O, Cd(CH3CO2)2·2H2O, and CH4N2S
(Figs. 3(c) and 3(f)). A large number of polycrystalline
Cd0.5Zn0.5S nano-spheres are completely covered on
the Ti3C2 nanosheets in the CZS–3MX hybrid (Figs. 3(d)
and 3(g)), thus forming a large contact area and
constructing a 0D/2D heterostructure, which can enlarge
the light adsorption area. Moreover, the reflection and
scattering of light between hybrid layers can enhance
the utilization of light, and the sacrificial agent (lactic
acid or benzyl alcohol) can easily enter into the gaps
between hybrid layers. This can also be illustrated by
the lower contact angles of deionized water and benzyl
alcohol on the CZS–3MX hybrid than those on the
Cd0.5Zn0.5S coating, respectively (Fig. S4 in the ESM).

Fig. 3 SEM, TEM, and HR-TEM images of (a) Ti3AlC2, (b, e) Ti3C2, (c, f) Cd0.5Zn0.5S, and (d, g, h) CZS–3MX hybrid, and (i)
the corresponding EDS mappings of Cd, Zn, S, Ti, and C elements.
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The formation of finer Cd0.5Zn0.5S spheres can be mainly
derived from the confinement effect of the negativecharged Ti3C2. The 0.23 and 0.31 nm of lattice fringe
spacings correspond to (103) and (111) planes of Ti3C2
and Cd0.5Zn0.5S, respectively, indicating the formation of
Cd0.5Zn0.5S/Ti3C2 heterojunction (Fig. 3(h)). Energy
dispersive spectroscopy (EDS) mappings further
demonstrate the good coverage of Cd0.5Zn0.5S nanospheres on the Ti3C2 nanosheets (Fig. 3(i)).
A combination of type IV and II isotherms is
observed in both pristine Cd0.5Zn0.5S and CZS–3MX
hybrid (Fig. 2(c)), and their specific surface areas are
calculated to be 12.59 and 18.64 m2/g, respectively.
This can be explained by the fact that the Cd0.5Zn0.5S
nanospheres completely and uniformly cover Ti3C2
nanosheets instead of agglomerating together (Figs. 3(c)
and 3(d)), leading to a slight increase in the surface
area of CZS–3MX compared with the pristine Cd0.5Zn0.5S.
The Ti3C2 nanosheets present a lower specific surface
area and smaller pore diameter compared with the
Cd0.5Zn0.5S and CZS–MX (Figs. 2 and S5 in the ESM),
which can be attributed to the agglomeration of nanosheets
and smooth surface (Fig. 3(b)). Both pristine Cd0.5Zn0.5S
and CZS–3MX hybrid show the typical mesoporous
characteristic according to the pore size distribution
curves, and the mesopore volume of CZS–3MX hybrid
is far higher than that of pristine Cd0.5Zn0.5S (Fig. 2(d)).
The larger specific surface area and higher mesopore
volume of CZS–3MX hybrid can provide the catalyst
more chance to contact sacrificial agent and light

Fig. 4

(Fig. 2(c)), thus enhancing its catalytic performance.
As shown in Fig. 4(a), the Cd, Zn, and S elements
can be detected in the Cd0.5Zn0.5S and CZS–3MX
hybrid, and the absence of Ti is mainly attributed to the
full coverage of Cd0.5Zn0.5S nano-spheres on the Ti3C2
nanosheets. The peaks of Cd at 405.03 and 411.75 eV
for the CZS–3MX hybrid belong to the Cd 3d5/2 and
Cd 3d3/2, respectively. A slight shift towards a higher
binding energy is observed in the two Cd 3d peaks of
CZS–3MX hybrid compared with those of pristine
Cd0.5Zn0.5S (Fig. 4(b)), which can demonstrate a tight
combination between Cd0.5Zn0.5S and Ti3C2 to a certain
extent and contribute to facilitating the charge transfer
from the Cd0.5Zn0.5S to Ti3C2 [51]. The similar phenomena
can be observed in the high-resolution spectra of Zn 2p
and S 2p (Figs. 4(c) and 4(d)). The two pairs of peaks
at 1023.06 and 1046.02 eV, and 162.55 and 169.37 eV
correspond to Zn 2p3/2 and Zn 2p1/2, and S 2p3/2 and S
2p1/2, respectively. The three pairs of peaks of Ti 2p in
the pristine Ti3C2 centralized at 455.11 and 462.02,
456.33 and 464.92, and 459.41 and 461.15 eV can be
assigned to Ti–C, Ti–X, and Ti–O, respectively (Fig. 4(e)).
The C 1s spectra of Ti3C2 can be deconvoluted into
four peaks at 281.80, 284.5, 286.87, and 288.85 eV
(Fig. 4(f)) corresponding to C–Ti, C–C, C–O, and C–F
bonds, respectively. The C 1s spectra of CZS–3MX
hybrid exhibit similar fitted peaks except for the
absence of the peak at 281.80 eV (derived from the
C–Ti bond) compared with those of the Ti3C2, further
demonstrating the full coverage of Cd0.5Zn0.5S on the Ti3C2.

XPS spectra of Ti3C2, Cd0.5Zn0.5S, and CZS–3MX hybrid: (a) survey, (b) Cd 3d, (c) Zn 2p, (d) S 2p, (e) Ti 2p, (f) C 1s.

www.springer.com/journal/40145

J Adv Ceram 2022, 11(7): 1117–1130

1123

The photocatalytic hydrogen evolution of CZS–MX
hybrid is evaluated under visible light irradiation. In
lactic acid, the CZS–3MX hybrid photocatalyst shows
the maximum hydrogen evolution rate of 8.0 mmol/(g·h)
(Figs. 5(a) and 5(b)), which is ~3.3 times higher than
that of the pristine Cd0.5Zn0.5S. Thus, the introduction
of the appropriate amount of Ti3C2 nanosheets can favor
the electron transfer, thus enhancing the photocatalytic
performance. The decline of hydrogen generation rate
of CZS–5MX hybrid demonstrates that excessive
addition of Ti3C2 may produce a negative effect on the
photocatalytic activity, which can be mainly attributed
to the concentration reduction of Cd0.5Zn0.5S. To make
full use of photogenerated carriers, lactic acid was
replaced by benzyl alcohol to evaluate the coupling
activity of hydrogen evolution and benzaldehyde
production. The hydrogen evolution and benzaldehyde

production rates of CZS–3MX reach 5.3 and
29.3 mmol/(g·h), which are ~3.2 and 2 times higher
than those of pristine Cd0.5Zn0.5S, respectively. Since
benzyl alcohol possesses low water solubility at room
temperature, it is difficult for benzyl alcohol to be
absorbed on the Cd0.5Zn0.5S/Ti3C2 hybrid to form a
large contact area. As a result, fewer electrons can
participate in the hydrogen evolution reaction, leading
to a lower hydrogen evolution rate in benzyl alcohol
than that in lactic acid. What’s more, the selectivity to
benzaldehyde arrives at 99%. The promotion of
photocatalytic activity can be mainly attributed to the
enhanced separation of electrons and holes.
The stability of photocatalyst is very important for
photocatalytic hydrogen evolution in practical applications.
Almost no decline of hydrogen evolution can be seen
in the CZS–3MX hybrid after 4 cycles for 20 h in both

Fig. 5 (a, b) Photocatalytic hydrogen evolution activities of Cd0.5Zn0.5S and CZS–MX hybrid by using lactic acid as sacrificial
agent. (c, d) Photocatalytic hydrogen evolution activities and (d) benzaldehyde production rates of Cd0.5Zn0.5S and CZS–MX
hybrid by using benzyl alcohol as sacrificial agent. (e) Cycle stability in lactic acid and benzyl alcohol, and (f) wavelengthdependent AQE of CZS–3MX hybrid.
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lactic acid and benzyl alcohol (Fig. 5(e)), indicating the
good performance stability. To investigate the protection
of Ti3C2 to Cd0.5Zn0.5S, the microstructural and
microchemistry characterizations were performed on
the CZS–3MX hybrid after a cycle test in lactic acid.
As shown in Figs. S6(a) and S6(b) in the ESM, no
obvious changes can be detected in the XRD patterns
of original and acid-reacted CZS–3MX hybrid samples,
and no peaks of elemental sulfur appear in the S 2p
spectrum of CZS–3MX hybrid after the cycle test.
Moreover, the Cd0.5Zn0.5S nanospheres are still tightly
attached on Ti3C2 nanosheets and no elemental
aggregation can be observed according to the SEM and
TEM images and EDS mapping of CZS–3MX hybrid
after the cycle test (Figs. S6(c), S6(d), and S7 in the
ESM). Therefore, all the experimental results confirm
the good cycle stability of CZS–3MX hybrid. According
to Eq. (1), the apparent quantum efficiencies (AQE) of
the CZS–3MX hybrid are calculated to be 16.2%, 6.1%,
1.1%, and 0 at 420, 450, 550, and 650 nm, respectively
(Fig. 5(d)). The variation of AQE with wavelength is
basically consistent with the light absorption
characteristic of this material (Fig. 5(f)).
AQE=

2  Number of evolved H 2 molecules
 100% (1)
Number of incident photons (N )

To further investigate the influence of introduction
of Ti3C2 on the charge transfer efficiency of Cd0.5Zn0.5S,
the related experiments involving photocurrent responses,
EIS Nyquist plots, PL, TRPL, and ESR spectra of pristine

Cd0.5Zn0.5S and CZS–3MX hybrid were performed. It
is obvious that the photocurrent density of CZS–3MX
hybrid is much higher than that of pristine Cd0.5Zn0.5S
(Fig. 6(a)), implying obvious enhancement in the
separation of photogenerated charge carriers. The
semicircle diameter of CZS–3MX hybrid is far smaller
than that of pristine Cd0.5Zn0.5S (Fig. 6(b)), which
suggests a lower charge transfer resistance (Rct ),
indicating that the introduction of Ti3C2 nanosheets can
significantly promote the charge mobility and suppress
the recombination of photoinduced electron–hole pairs
[52–55]. The PL emission intensity of CZS–3MX hybrid
is far lower than that of pristine Cd0.5Zn0.5S, demonstrating
a higher separation efficiency of photogenerated
carriers (Fig. 6(c)) [56,57]. Furthermore, the CZS–3MX
sample shows a smaller lifetime (4.59 ns) compared
with pristine Cd0.5Zn0.5S (5.40 ns), indicating a faster
transportation of photo-excited electrons from the
Cd0.5Zn0.5S nano-spheres to Ti3C2 nanosheets (Fig. 6(d))
[58–60], which can be derived from the tight combination
between Cd0.5Zn0.5S and Ti3C2. The three peaks of
TEMPO-e− and TEMPO-h+ appear in the pristine
Cd 0 .5 Zn 0.5 S and CZS–3MX hybrid under dark
conditions, and the intensity of these signals decreases
markedly after the visible light irradiation lasts for
10 min (Figs. 6(e) and 6(f)), resulting from the reactions
of the TEMPO molecules with light-induced carriers.
Moreover, the lower TEMPO-e − and TEMPO-h +
signals can be observed in the CZS–3MX hybrid
after the visible light irradiation, indicating that more

Fig. 6 (a) Photocurrent responses, (b) EIS Nyquist plots, (c) PL, (d) TRPL, and ESR spectra of Cd0.5Zn0.5S and CZS–3MX
hybrid for (e) TEMPO-e− and (f) TEMPO-h+ under dark and irradiation conditions.
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photogenerated carriers can be produced in the
CZS–3MX hybrid compared with the pristine Cd0.5Zn0.5S
due to the efficient electron–hole separation [61–63].
Therefore, the migration of photogenerated carriers can
be accelerated markedly after employing the Ti3C2
nanosheets.
The UV–visible diffuse reflectance spectrum (DRS)
is broadly adopted to explore the optical absorption of
photocatalysts. The absorption edges at ~500 nm
appear in the pristine Cd0.5Zn0.5S and CZS–MX hybrid,
and the absorption is gradually increased at 500–800
nm with the increasing amount of Ti3C2 nanosheets
increasing from 0 to 5 mg (Fig. 7(a)), which can be
supported by the gradual variation of sample color
from light yellow to dark green. To investigate the
energy band structure, the bandgap (Eg) was calculated
by using the equation: αhν = A(hν − Eg)1/2, where α, hν,
and A denote the absorption coefficient, photon energy,
and a constant, respectively. The Eg value of pristine
Cd0.5Zn0.5S is determined to be 2.57 V (Fig. 7(b)).

According to the Mott–Schottky plots, the flat band
potentials of pristine Cd0.5Zn0.5S and CZS–3MX are
determined as −1.28 and −1.36 V, respectively
(Figs. 7(c) and 7(d)), indicating that the addition of
Ti3C2 can contribute to the water splitting. The flat
band potential determined by Ag/AgCl electrode
(EAg/AgCl) can be converted to the normal hydrogen
electrode potential (ENHE) by Eq. (2):
*
ENHE  EAg/AgCl  0.059  pH  EAg/AgCl

(2)

where the pH of electrolyte and E*Ag/AgCl are 6.8 and
0.197 V, respectively. Since the conduction band edge
potential (ECB) of n-type semiconductor is commonly
0.3 V which is more negative than ENHE (−0.682 V),
ECB of Cd0.5Zn0.5S is calculated to be −0.982 V. To
determine the direction of electron flow in the
heterojunction, we calculated the work function of
Cd0.5Zn0.5S and Ti3C2–F by DFT calculations. As
shown in Figs. 7(d) and 7(e), the work functions (Φwf)
of Cd0.5Zn0.5S and Ti3C2–F are calculated to be 4.5 and

Fig. 7 (a) UV–visible DRS of CdS–MX hybrid. (b) Kubelka–Munk transformed reflectance spectra and (c, d) Mott–Schottky
plots of pristine Cd0.5Zn0.5S and CdS–3MX hybrid. (e, f) Calculated work function and (g) UPS spectra of pristine Cd0.5Zn0.5S
and Ti3C2. (h) LSV plots of pristine Cd0.5Zn0.5S and CdS–3MX hybrid.
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4.8 eV, respectively. Thus, the Ti3C2–F has a larger Φwf
compared with Cd0.5Zn0.5S, indicating the formation of
Schottky heterojunction between them. This can also
be demonstrated by UPS spectra of Cd0.5Zn0.5S and
Ti3C2. Their work functions can be also determined by
Eq. (3):
(3)
Φwf = 21.2 eV − Ecutoff
where the cutoff edges (Ecutoff) of Cd0.5Zn0.5S and Ti3C2
are 18.5 and 17.1 eV, respectively (Fig. 7(f)). Thus,
their Φwf can be determined to be 2.7 and 4.5 eV,
respectively, also indicating the formation of Schottky
heterojunction between Cd0.5Zn0.5S and Ti3C2. The
difference between the calculated and experimental
Φwf can be mainly derived from the imperfection of
materials. Moreover, the CZS–3MX hybrid presents a
lower hydrogen evolution overpotential compared with
the pristine Cd0.5Zn0.5S (Fig. 7(h)), which can further
confirm the enhanced hydrogen evolution activity after
the introduction of Ti3C2.
To explore the interactions between Cd0.5Zn0.5S and
F-terminated Ti3C2 (i.e, Ti3C2F2), we performed the
first-principles calculations. A 3 × 3 supercell of Cd0.5Zn0.5S
(111) and a 4 × 4 supercell of Ti3C2F2 (Figs. 8(a) and
8(b)) were adopted to build the models, where the
in-plane lattice parameters of the two supercells are
almost identical. Considering that the slab used for the
modeling always has CdZn- and S-terminations and we
cannot determine which termination is more energetically

favorable, we performed the modeling for the
interactions of Ti3C2F2 with the two terminations. The
lowest-total-energy configuration can be determined
by varying the distance between Cd0.5Zn0.5S (111)
surface and Ti3C2F2 layer. Due to numerous atoms in
the supercell, a very small difference in interlayer
distance can provide remarkable changes in the total
energy, such that the interlayer distance of 0.1 Å
precision can be obtained. The calculated distances
between F atoms of Ti3C2F2 and Cd0.5Zn0.5S are 2.57
and 3.01 Å for CdZn- and S-terminations, respectively.
A quite short distance between Ti3C2F2 and CdZnterminated surface is produced by the coordination of
Zn and Cd atoms with the F atoms (Fig. 8(a)). The
distance between Ti3C2F2 and CdZn-terminated surface
is between 1 Å and the typical van der Waals distance
of ~3.5 Å, indicating that the robust electrostatic bond
is formed. Moreover, the calculated binding energy of
CdZn-terminated side is 0.47 eV lower than that of
S-terminated side, evidencing the formation of stable
bonding between Ti3C2F2 and CdZn-terminated surface.
To describe the charge transfer between Cd0.5Zn0.5S
and Ti3C2F2, we calculated the charge density difference
and planar-average-charge density after the formation
of the interface. For the CdZn-terminated surface, the
coordination of CdZn with F atoms of Ti3C2F2 results
in a significant charge redistribution near the interface
(Fig. 8(c)). However, a small redistribution of charges

Fig. 8 Optimized atomic structures of the interfaces between the Ti3C2F2 and (a) CdZn-terminated and (b) S-terminated
surfaces. Charge density difference and planar-average-charge density for (c) CdZn-terminated and (d) S-terminated structures.
The TDOS and PDOS for (e) CdZn-terminated and (f) S-terminated structures. The red dotted lines denote the Fermi level.
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on the surface of Cd0.5Zn0.5S appears when an interface
is formed between Ti3C2F2 and S-terminated surface
(Fig. 8(d)). The planar-average-charge density shows a
larger change for the CdZn-termination/Ti3C2F2 interface
than for the S-termination/Ti3C2F2 interface. Thus, we
can conclude that a robust bond between Cd0.5Zn0.5S
and Ti3C2F2 surface can be produced by the charge
transfer. According to the partial density of states
(PDOS) and total density of states (TDOS) for two
structures (Figs. 8(e) and 8(f)), the Fermi level of
CdZn-termination/Ti3C2F2 structure (−0.75 eV) is
lower than that of S-termination/Ti3C2F2 structure
(0.14 eV), and the intensity and number of TDOS
around Fermi level are increased, indicating the
increase in the density of charge carriers and the
generated current. Moreover, the Fermi level of CdZntermination/Ti3C2F2 structure is closer to the value
band of Cd0.5Zn0.5S than to that of S-termination/
Ti3C2F2 structure, leading to an increase in the carrier
concentration and conductivity, which is beneficial for
photocatalysis. Simultaneously, the bandgap of Cd0.5Zn0.5S
for CdZn-termination/Ti3C2F2 structure is larger than
that for S-termination/Ti3C2F2 structure, indicating that
the recombination probability of photogenerated carriers
is reduced, which can help to improve the photocatalytic
efficiency.
Figure 9 schematically illustrates the electron flow
direction and the photocatalytic mechanism for the
enhancement of hydrogen evolution coupled with
benzaldehyde production by the addition of Ti3C2 into
Cd0.5Zn0.5S. For pristine Cd0.5Zn0.5S, the photoinduced
electrons generated from the VB can jump to the CB
and then combine with the H+ in H2O to produce H2.
At first, the benzyl alcohol molecules are attached on
the surface of Cd0.5Zn0.5S/Ti3C2 hybrid, leading to the
dehydrogenation of hydroxyl oxygen group on the
benzyl alcohol molecules. Then, the photogenerated
electrons jump to the CB of Cd0.5Zn0.5S to participate
in the H2 evolution reaction under light irradiation, and
meanwhile the holes left on the VB contribute to the
subsequent a-hydride elimination of benzyl alcohol,
creating a deprotonated carbon radical. Thus,
benzaldehyde is produced after the carbon radical is
oxidized by the hole. For the CZS–MX hybrid, the
photogenerated electrons on the CB of Cd0.5Zn0.5S are
transferred to Ti3C2, and meanwhile the Schottky
barrier is formed between the Cd0.5Zn0.5S and Ti3C2
due to the difference of work function (Fig. 7). Actually,
the Schottky barrier can prevent the photogenerated

Fig. 9 Schematic of the H2 evolution and benzaldehyde
production mechanisms over Cd0.5Zn0.5S/Ti3C2 system.

electrons from flowing back to Cd0.5Zn0.5S, thus
enhancing the electron–hole separation. Moreover, the
0D/2D heterostructure can promote the light utilization
and multiply the number of Schottky barrier sites.
Especially, the relatively bigger Ti3C2 nanosheets also
can ensure the long transport distance of the
photogenerated electrons. Therefore, these factors can
synergistically promote the separation of photogenerated
carries, so as to improve the catalytic redox performance.

4

Conclusions

A novel dual-functional Cd0.5Zn0.5S/Ti3C2 hybrid was
fabricated by a solvothermally in-situ generated
assembling method, where the fluffy Cd0.5Zn0.5S
nano-spheres cover the ultrathin Ti3C2 nanosheets
completely and uniformly, forming a 0D/2D
heterostructure. The experiments and DFT calculations
demonstrate the formation of the Schottky barrier, and
the increased Schottky barrier sites derived from a
large contact area can effectively prevent the
recombination of photogenerated electrons and holes.
The optimized Cd0.5Zn0.5S/Ti3C2 hybrid presents a
hydrogen evolution rate of 8 mmol/(g·h) and excellent
stability while lactic acid is used as sacrificial agent.
Especially, it achieves a hydrogen evolution rate of
5.3 mmol/(g·h) and a benzaldehyde generation rate of
29.3 mmol/(g·h) simultaneously while benzyl alcohol
is used as sacrificial agent, which are ~3.2 and 2.0
times higher than those of pristine Cd0.5Zn0.5S,
respectively. This work provides a novel strategy for
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enhancing the separation of photogenerated carriers by
constructing a 0D/2D heterojunction with increased SB
sites, and offers a guidance for maximizing the
utilization of photogenerated electrons and holes.
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